Introduction
Recently, one-dimensional (1D) n-type ZnO-nanorods and nanowires have attracted considerable interest due to their unique large excition binding energy of 60 meV and wide bandgap energy of 3.37 eV at room temperature [1] . In addition, the excellent properties of ZnO material such as thermal stability, mechanical strength, negative electron affinity, and superior oxidation resistance [2] , which make much potential application in electron field emission.
In our previous work, we used a simple two electrode pattern with a bi-layer of platinum (Pt) and an aluminum-doped zinc-oxide (AZO) layer for the lateral growth of ZnO nanorods by hydrothermal (HT) growth method for the fabrication of two-terminal field emission (FE) devices with an emitter-to-emitter structure [3] . Though encouraging experimental results on FE performance were obtained, there is much room for improvement of the FE properties of the ZnO nanorods. In this study, a two-step HT method is proposed to sharpen the tip portion of the grown ZnO nanorods. The influence of HT growth parameters on the shape of the tip of ZnO nanorods are examined and discussed. Applications of ZnO nanorods with the proposed tip engineering in FE emitter with an emitter-to-emitter structure are demonstrated. Comparison of the FE characteristics between emitters with and without tip engineering are also presented and discussed.
Experiments
Figure 1 schematically shows the cross-sectional diagram of the FE device based on laterally grown ZnO nanorods and the key fabrication processes of the ZnO nanorods tip engineering. As shown in Fig. 1(a) , it is noted that the two-electrode pattern is with a mask-defined spacing (L) of 7 m and a width (W) of 500 m. While the 100-nm-thick AZO film and 300-nm-thick Pt layer are served as a seed layer for the lateral growth of ZnO nanorods and a protection layer to prevent the top surface from ZnO nanorods growth.
For the growth of ZnO nanorods on the vertical wall of the patterned AZO film, a stirring hot plate was used and the samples were immersed in a solution of 14.3 mM Zn(NO 3 ) 2 4H 2 O and 26 mM C 6 H 12 N 4 at 75°C for 1.5 hr without stirring for the first step growth process ( Fig. 1(b) ). After the first step growth, ZnO nanorods with 2-2.5 m in length and 150 nm in diameter were obtained ( Fig. 2(c) ). Note that each nanorods has a flat hexagonal surface on the top end. To tailor the top end of ZnO nanorods grown in the first step HT process, the samples were subjected to another HT growth in a solution of 6 mM Zn(NO 3 ) 2 4H 2 O and 6 mM C 6 H 12 N 4 at 90°C for 2 hr at a stirring speed up to 1150 rpm. Three group of samples, namely, sample A, B, and C, which were placed on the beaker inner wall at different distances (4, 6, and 8 cm, respectively) to the bottom of the beaker. Since stirring helps speed up the circulation of solutions by allowing the solutes to reach each single ZnO nanorods in every group samples at different transport rates, nonuniform growth of ZnO film on each single nanorods during the second HT growth process thus can be expected, which should strongly depend on both the stirring speed and the sample position. 
Results and Discussion
The SEM images of the prepared samples without stirring were shown in Figure 2 . The FE device comprising of two electrodes with lateral ZnO nanorods grown on the two neighboring AZO sidewall was shown. Note that the grown ZnO nanorods are with a hexagonal structure and flat surface. Figure 3 shows FE-SEM images of the prepared samples at 8-cm above the bottom of the beaker with different stirring speeds (0, 500, 1150 rpm) during the 2 nd HT growth step. As expected, the tip portion of the ZnO nanorods grown at the first HT growth step was modified during the 2 nd HT growth step. It is believed that the circulation of the HT growth solution might introduce HT growth solution of different concentrations with circulation conditions to the ZnO nanorods surface, especially for the top portion, which renders the ZnO molecular finding nucleation sites with different size, as a result, the growth of multiple-tiny-needle or single needle on the top flat of the ZnO nanorods occurred. Note that the diameters of the multiple-tiny-needle and single needle are about 130 nm (50 nm) and 220 nm (16 nm) at 500 (1150) rpm, respectively. Figure 4 shows FE-SEM images of the tip-engineered ZnO nanorods prepared with 500 rpm in stirring speed during the 2 nd HT growth but at different positions (4, 6, and 8-cm above the bottom of the beaker). Significant modifications on the tip of the ZnO nanorods grown from the 1 st HT growth step but with the appearance quite different from the cases of varying stirring speed were observed. Though it still needs further investigation, it could be also attributed to the transportation rate of the HT growth solution and concentration of the HT growth solution at the tip portion of wire are varied at different positions. Figure 5 shows the prepared FE devices, with and without the tip engineering, used for J-E characteristics measurements. For a fair comparison, as shown in Fig. 5(a) and 5(b), the tip-to-tip distance of these two type devices was kept the same of 1.2 m. [4] . Note that the J-E measurements were conducted in a vacuum chamber (510 -5 Torr) at room temperature. As reflected by the FN plot, it is seen that FE properties of the prepared devices with or without tip engineering show good FE performance. The one with tip engineering (stirring speed: 500 rpm, position: 6 cm) exhibits a much better FE J-E characteristics. A reduction in the turn electric field intensity from 5.33 V/m (for the case without tip engineering) to 3.33V/m was obtained. It is expected that further improvement in the FE properties can be realized after the 2 nd HT growth step is optimized.
Assuming that the work function of ZnO is 5.37 eV, the field enhancement factors () of the FE device based on ZnO nanorods with and without tip engineering in a tip-to-tip configuration were evaluated. The values of  were found being as high as 3807 m -1 for the FE device with tip-engineered ZnO nanorods, which is much higher than that of (2523 m -1 ) with flat-top ZnO nanorods. 
Conclusion
In summary, a two-step HT growth method has been proposed to sharpen the tip portion of the flat-top ZnO nanorods. The influence of 2 nd step HT growth parameters including the solution stirring speed and position of ZnO nanorods obtained form the 1 st HT growth step on the shape of the tip of ZnO nanorods have been demonstrated and discussed. Applications of ZnO nanorods with the proposed tip engineering in FE emitter with an emitter-to-emitter structure have been shown. As compared to the FE device based on ZnO nanorods without tip engineering, considerable improvements in the turn on field from 5.33 to 3.33 V/m and field enhancement factors from 2523 to 3807 m -1 have been achieved.
